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Munich, GermanyABSTRACT Molecular motors are ﬁrst and foremost molecules, governed by the laws of chemistry rather than of mechanics.
The dynamical behavior of motors based on chemical principles can be described as a randomwalk on a network of states. A key
insight is that any molecular motor in solution explores all possible motions and conﬁgurations at thermodynamic equilibrium. By
using input energy and chemical design to prevent motion that is not wanted, what is left behind is the motion that is desired. This
review is focused on two-headed motors such as kinesin and Myosin V that move on a polymeric track. By use of microscopic
reversibility, it is shown that the ratio between the number of forward steps and the number of backward steps in any sufﬁciently
long time period does not directly depend on the mechanical properties of the linker between the two heads. Instead, this ratio is
governed by the relative chemical speciﬁcity of the heads in the front-versus-rear position for the fuel, adenosine triphosphate
and its products, adenosine diphosphate and inorganic phosphate. These insights have been key factors in the design of
biologically inspired synthetic molecular walkers constructed out of DNA or out of small organic molecules.INTRODUCTIONMuch work on molecular motors has been inspired by a single,
central question—what is the mechanism by which a molecular
motor uses energy from adenosine triphosphate (ATP) hydro-
lysis or some other chemical reaction to cause forward motion
and generate a forward-directed force? In this review, I will
focus on a different question—what is the mechanism by which
a molecular motor uses energy from ATP hydrolysis or some
other chemical reaction to prevent backward motion even in
the presence of a backward-directed force (1)? To understand
the subtle but very important differences between these two
questions, and the descriptions that naturally arise from
attempts to answer them, let us compare a very small macro-
scopic motor with a molecular motor, both at equilibrium.
In his seminal talk in 1959, ‘‘Plenty of Room at the
Bottom,’’ Richard Feynman offered a $1000 reward to the
first person to construct a motor that would fit in a cube
1/64th of an inch on a side, not counting wires and power
source. This reward was claimed within a year by an engi-
neer, William McClellan. When turned off, the motor does
what we expect at static equilibrium—nothing. The motor
must be connected to a power supply to get any motion at all.
Now, consider a molecular motor in aqueous solution, e.g.,
kinesin, at chemical equilibrium where the chemical potential
of ATP is equal to the sum of the chemical potentials of aden-
osine diphosphate (ADP) and inorganic phosphate (Pi),
mATP ¼ mADP þ mPi. The kinesin molecule moves to and fro,
sometimes stepping left, sometimes stepping right, sometimes
binding ATP and hydrolyzing it to ADP and Pi, and sometimes
binding ADP and Pi and synthesizing ATP. The dynamic
chemical equilibrium is maintained because each forwardSubmitted September 29, 2009, and accepted for publication February 16,
2010.
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0006-3495/10/06/2401/9 $2.00process is exactly as likely as the microscopic reverse of that
process—on average, for every ATP hydrolyzed there is an
ATP synthesized, and for every step to the right taken by the
motor, there is a step to the left. Importantly, every motion
that we associate with the normal function of the molecule
under physiological conditions—hydrolyzing one ATP while
taking one step to the þend of the microtubule track—is
present also at chemical equilibrium. At equilibrium, however,
each reverse motion is as likely as the forward motion.
What happens when we remove ADP (or add ATP) so that
mATP>>mADPþmPi? Do the states accessible to the molecule
change? Certainly not—there is no way for an individual kine-
sin molecule to sense the bulk chemical potentials of ATP and
ADP. Similarly, the character of motion by which the protein
undergoes a transition from one state to another does not
change when the system is removed from chemical equilib-
rium by taking away ADP (or by adding of ATP). The only
thing that changes is the relative likelihood that a kinesin
molecule in which the active site for ATP hydrolysis is unoc-
cupied will next bind ATP rather than ADP. Remarkably, this
single change in the boundary conditions for the stochastic
process results in a situation where the motor, in the absence
of load, takes one step to the þend of microtubule for each
ATP hydrolyzed, with almost deterministic precision.
In this review, I will discuss the implications of the ineluc-
table stochasticity of molecules due to interactions with
their thermal environment for understanding the mechanisms
of molecular motors and pumps. The focus will be on devel-
opment of a framework for description of molecular motors
rather than on interpretation of experimental results for any
particular motor in terms of its structure or kinetics. Much
of the discussion will be inspired by recent work on synthetic
molecular motors (2,3) such as DNA (4,5) and small mole-
cule (6) walkers, catenane-based molecular motors (7–9),
and synthetic molecular rotors (10,11).doi: 10.1016/j.bpj.2010.02.040
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Many molecular motors (12,13) convert chemical energy
into directional motion along a polar macromolecular track
(with ends designated ‘‘þ’’ and ‘‘’’), possibly against an
applied force. This transduction between chemical and
mechanical free-energy is accomplished by coupling the
chemical transformations involved in the catalytic conver-
sion of a fuel molecule (e.g., ATP) to waste product (ADP
and Pi) to the conformational transitions of the motor mole-
cule that allow motion along the track. The overall process
forms a conformational cycle in which the protein fluctuates
away from and then regresses back to some initial conforma-
tional state (14). Consider, for example, a two-headed motor
such as kinesin or Myosin V. These motors appear to move
in a hand-over-hand fashion in which the rear head detaches
from the track and reattaches to the front. When a head is
detached from the track, it is prevented from diffusing
away by being bound to the other head through a linker
region of the protein. Sometimes it is also argued that this
linker region acts like a spring, releasing stored elastic
energy as it snaps forward in a power-stroke. Here we will
examine the relative importance of the linker’s passive role
of preventing unwanted motion versus its active role of
storing and releasing elastic energy to drive a power-stroke,
first in the context of a general model and then for the
specific cases of Myosin V and of a recent synthetic DNA
walker (5).
Focusing on the internal conformation of the motor mole-
cule irrespective of its location along the track, we arbitrarily
choose as an initial internal conformational state a configura-
tion in which both heads are attached to the track and in
which ADP is bound at both active sites for ATP hydrolysis.
Whether at, or far from, thermodynamic equilibrium, the
motor will certainly fluctuate away from this initial state
by releasing ADP from the front or from the rear head which
then detaches from the track. It is equally certain (unless the
other head dissociates from the track also) that eventually the
motor will return to the initial state where both heads are
attached and ADP is again bound at both active sites. In
each conformational cycle the motor will have taken some
number i of steps and will have hydrolyzed some number j
of ATPs. The quantities i and j are stochastic, i.e., they
vary from one conformational cycle to the next, with proba-
bility Pi, j. For many motors operating under normal physi-
ological conditions in the absence of a strong opposing force,
one step is taken for each ATP hydrolyzed (i.e., P1, 1 z 1,
and for i or j s 1, Pi, j z 0), giving the appearance of a
completely (tightly) coupled mechanism. However, this is
at best an approximation and when the motor is challenged,
e.g., by a strong opposing force, or by concentrations of ATP
or ADP and Pi that are very different than the normal phys-
iological values, other pathways, for which the number of
ATPs hydrolyzed (j) and the number of steps taken (i) in a
conformational cycle are not þ1, come into play. AnBiophysical Journal 98(11) 2401–2409example would be any process in which the motor takes a
step backward—i ¼ 1, or where an ATP is hydrolyzed
but the molecule does not step (i.e., slip), with i ¼ 0, j ¼ 1.
For any cycle in which i steps are taken in the þ-direction
and j ATPs are hydrolyzed, i steps are taken in the
þdirection (i.e., the molecule takes i steps in the direction)
and j ATPs are hydrolyzed (i.e., j ATPs are synthesized) in
the microscopic reverse of that cycle. By microscopic revers-
ibility, the ratio of the probabilities for any cycle and its
microscopic reverse is the exponential of the energy change
due to the forward process, so we find (2,15,16)
Pi;j
Pi;j
¼ ejDmþ iLFkBT ; (1)
where
Dm ¼ mATP  mADP  mPi
is the difference in the chemical potentials of the substrate
and product, F is the component of the load force along
the track (we take positive force to be in the þ-direction),
L is the step size along the track, and kBT(z 4  1021 J
at room temperature) is the product of the Boltzmann
constant and the Kelvin temperature. Note that the ratio
Pi, j/P–i, j is not thermodynamically constrained since a
trajectory in which the motor takes i steps in the þ-direction
while hydrolyzing j ATPs is not the microscopic reverse of
any trajectory in which the motor takes i steps in the
direction and hydrolyzes j ATPs. Indeed, it is this ratio
that is the key quantitative measure of the strength of
coupling between the chemical reaction and stepping along
the track. The average number of steps taken, and ATPs
hydrolyzed in a conformational cycle of the protein motor,
can be written as

Nstep
 ¼ PN
i; j¼ 1
i

Pi;0fi;0 þ Pi; jfi; j  Pi; jfi; j

;
hNATPi ¼
PN
i; j¼ 1
j

P0; jf0; j þ Pi; jfi; j þ Pi; jfi; j

;
(2)
where
fi; j ¼

1  eðiDmjLFÞ=ðKBTÞ
and we use Eq. 1 to allow us to write the sums over only
positive integers i and j (16). The velocity of the motor, v,
and rate of ATP hydrolysis, r, can be obtained by dividing
these averages by the average time for a conformational
cycle, tcyc, v ¼ hNstepi L/tcyc and r ¼ hNATPi/tcyc. The fi, j
contain all of the thermodynamic dependence of the velocity
and rate on the external force and chemical potential gradient
while the terms Pi, j and tcyc contain all of the dependence of
the velocity and rate on the external force and chemical
potential gradient due to kinetic and structural factors.
The expressions in Eq. 2 are quite general, but not directly
useful to model molecular motors, as there are too many (an
infinite number!) of the unspecified coefficient functions.
Biophysical Reviews 2403Relations between the coefficient functions have been
derived, however, that generalize the linear Onsager recip-
rocal relations and fluctuation-dissipation relation to the
case of large chemical potential difference and external force,
Dm, LF >> kBT (16). A natural and often very good approx-
imation for chemically driven molecular motors is to restrict
the number of steps taken and ATPs hydrolyzed in a confor-
mational cycle to i ¼ – 1, 0, þ1 and j ¼ – 1, 0, þ1, respec-
tively. Aside from the nonproductive cycle (i, j) ¼ (0, 0),
there are then eight possibilities—(i, j) ¼ (1,1), (1,0)
(1,1), (0,1), (0,1), (1,1), (1,0), and (1,1).
We define a forward coupled process (F ) as a conforma-
tional cycle that involves hydrolysis of one molecule of ATP
while taking one step toward the þend of the polymeric
track, (i, j) ¼ (1,1). There are in principle many possible
paths—sequences of positions and chemical states—by
which a forward process can occur. One such path is shown
schematically as the green solid curve in Fig. 1 a, where the
horizontal coordinate represents the mechanical processes,
and the vertical coordinate the progress of the chemical
process ADPþ Pi/ATP (17–21). For each possible
forward path there is a microscopic reverse path (FR)—the
‘‘movie’’ of the forward path played backward—in which
the sequence of positions and states in the forward trajectory
is exactly reversed, and hence in which one molecule of ATP
is synthesized from ADP and Pi while taking one step in the
direction with (i, j) ¼ (–1,–1). This exact microscopic
reverse curve would start at the point labeled F and end at
the center, following along the solid green curve backward.
We take advantage of periodicity to recognize that the prob-
ability of such a path is exactly the same as that of a path
starting at the center and ending at the point labeled FR,
as shown as the dotted green curve in Fig. 1 a. There isC
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FIGURE 1 Illustration of possible conformational cycles for a molecular
motor in which the motor fluctuates away from and then returns to some
arbitrary initial conformational state, having performed work on or received
work from the environment by moving a distance 5L on a periodic
track (where L is the step length) and/or catalyzing a chemical reaction,
ATP# ADPþ Pi. For each trajectory, there is a microscopic reverse trajec-
tory related by simple thermodynamic relations (see Eq. 3).also a coupled backward process (labeled B) in which one
molecule of ATP is hydrolyzed while the motor takes one
step in the direction, with (i, j) ¼ (–1,1), shown as the solid
red curve in Fig. 1 a. For each backward path there is also a
microscopic reverse path (BR) in which one molecule of
ATP is synthesized while the motor takes one step in the
þdirection (i, j) ¼ (1,–1) shown as the dotted red curve in
Fig. 1 a . In addition to the coupled transitions, there are
also paths (denoted C) in which ATP is hydrolyzed without
stepping in either direction, (i, j) ¼ (0,1), and the reverse
(CR) in which ATP is synthesized without taking a step,
(i, j) ¼ (0,–1), and there are paths in which the motor takes
a step to the þend of the track without hydrolysis or
synthesis of ATP, with (i, j) ¼ (1,0), denoted S) and reverse
paths (SR) in which the motor takes a step to the end of the
track without hydrolysis or synthesis of ATP with (i, j) ¼
(–1,0). From Eq. 1, we have relationships between each
path and its reverse,
Coupled
PF
PFR
¼ eDmþ LFkBT ; PB
PBR
¼ eDmLFkBT ;
Uncoupled
PC
PCR
¼ e DmkBT; PS
PSR
¼ e LFkBT:
(3)
Note that the ratio PB=PF is not thermodynamically con-
strained and can, in principle, take on any positive value.
By using the expressions in Eq. 3, we can write the motor
velocity in terms of the ratios of probabilities
PB=PF ;PS=PF , and PC=PF ,
v ¼
	
1eDmLFkBT


 PB
PF
	
1 eDmþ LFkBT


þ PS
PF
	
1 eLFkBT

LPF
tcyc
r ¼
	
1 eDmLFkBT


þ PB
PF
	
1eDmþLFkBT


þ PC
PF
	
1eDmkBT

PF
tcyc
;
(4)
where tcyc is the average time for completion of a conforma-
tional cycle. In the absence of a load force (F ¼ 0) if Dm > 0
then PF > PFR and PB > PBR . Thus, in order to have
a motor that steps to the þdirection in the absence of load
we require only that PF > PB. To assure that the motor is
effective in moving against a load force, the uncoupled step-
ping probability PS must also be small, and in order to assure
that the motor does not waste chemical fuel, the uncoupled
chemical conversion probabilities PC should also be small.
Our challenge then is to understand how to use chemical
design principles to arrange such a situation.
A theoretical prediction supported by experiment
In the general formulation given here, there is naturally a
backward process, B, in which ATP is hydrolyzed, as a
mechanism for stepping to the end of the track in addi-
tion to the reverse of the forward process, FR, in which
ATP is synthesized. Thus, when a molecular motor stepsBiophysical Journal 98(11) 2401–2409
2404 Astumianbackward in response to an external force, it does not
always do so by the microscopic reverse of the forward
stepping mechanism. Further, in contrast to most macro-
scopic motors, there is not a single mechanism by which
the system functions, but, instead, several preferred path-
ways selected that depend on the prevailing environmental
conditions, external force, chemical potentials of reactants
and products, temperature, etc.
Based on a minimal kinetic model that incorporates the
symmetry relations of Eq. 1, Martin Bier and I made the
prediction in 1996 (19) that back-stepping of a molecular
motor such as kinesin does not necessarily involve synthesis
of ATP. We observed that ‘‘as an external force is applied, the
system responds by changing the stoichiometry. Interest-
ingly, a large applied force actually stimulates ATP hydro-
lysis.’’ This suggestion is in striking opposition to predictions
based on completely coupled single-cycle models (22,23) in
which back-stepping can only arise by reversal of the
single-cycle and which should, hence, be inexorably accom-
panied by ATP synthesis and inhibited by adding ATP. The
behavior predicted by Astumian and Bier has been observed
experimentally for kinesin by Nishiyama et al. (24) and by
Carter and Cross (25), who showed that back-stepping in
the presence of a large end-directed external force is stimu-
lated rather than inhibited by ATP, and suggested that the
back-stepping may be accompanied by ATP hydrolysis.
The observed behavior is a predicted signature of a gently
coupled Brownian motor, in which the preferred mechanism
(pathway through the states) shifts under the influence of
changing environmental conditions such as the applied force
(26). A number of recent authors (27,28) have proposed,
subsequent to the experiments of Carter and Cross, modelsa b
c
Biophysical Journal 98(11) 2401–2409very similar to that of Astumian and Bier (19), but with
many more states (up to seven or eight) in efforts to fit exper-
imental curves.
The expressions in Eq. 4 are in the best traditions of theo-
retical physics—rather general (they can be used to describe
many very different coupled transport processes (16)), and in
and of themselves not very useful for calculations, as the
time constant and the ratios of probabilities involved are
functions of the forces and can only be derived in the context
of a specific model or obtained from experiment. Let us
consider how the general theory can be applied to understand
the mechanism of motion of a specific biological motor,
Myosin V.Application of the theory to Myosin V stepping
The kinetic mechanism for Myosin V stepping is typically
written as a completely coupled cycle (Fig. 2 a) in which
each ATP hydrolyzed results in one step in the þdirection
(29). This picture is certainly only an approximation, and
is not consistent with experiments showing back-stepping
that is not chemically the reverse of the forward stepping
(30). When we look at the mechanism of Reif et al. (29)
closely, we see that there are two branching points, indicated
by the gray boxes in Fig. 2 a, at which stochastic decisions
affecting the outcome of a cycle must be made. These deci-
sions are independent of the chemical potential difference
between ATP, ADP, and Pi, Dm, that drives the reaction.
One branching point is the state in which both heads are
attached to actin, and the active site of each head is occupied
by ADP (DiDiþ1). The transition out of this state is usually
release of ADP, setting the stage for binding ATP andFIGURE 2 (a) Completely coupled cycle for Myosin V
stepping denoted by the green arrows. This cycle is driven
clockwise by hydrolysis of ATP. The gray boxes indicate
branching states, and the red arrows indicate branching
transitions by which the mechanism can deviate from this
completely coupled picture. Note that although the two
heads are colored differently (black and white), the two
states in the upper-shaded box are chemically indistin-
guishable. (b) A kinetic lattice model picture in which all
possible paths discussed in the text are shown in the context
of transitions between the two branching states. Dashed
arrows are used to denote backward chemistry transitions.
Note that only transitions leading away from the center
state are shown, consistent with the schematic diagram in
Fig. 1. (c) A kinetic branching mechanism with irreversible
chemistry and where the backward chemical transitions are
ignored. The stochastic branching provides for the possi-
bility of a backward step combined with hydrolysis of
ATP. For simplicity, the intermediate states are not shown.
Biophysical Reviews 2405detachment of that head from actin, but from which head is
ADP released? Normally it is taken to be the rear head
(shown by the green arrow) from which ADP is released,
but certainly release of ADP from the front head (shown as
the red arrow out of this state) is a physical possibility.
Another branch point occurs at the state in which one head
is attached with ADP at the active site and the other head is
detached with ATP at the active site (Diþ1T). The next tran-
sition is typically hydrolysis of ATP to ADP$Pi at the active
site and reattachment of the head to actin, followed by release
of inorganic phosphate to return to the original configuration
in which ADP occupies both active sites and both heads are
attached to actin, but does the head reattach to the front or to
the rear? Normally, it is accepted that reattachment occurs to
the front (following the green arrow in Fig. 2) with over-
whelming probability due to the molecule having completed
a power-stroke (31). However, it is certainly physically
possible for the head to reattach to the rear (if the red arrow
in Fig. 2 is followed), and clearly the probability for this to
happen is strongly dependent on the magnitude and direction
of any external load force.
The outcome of any given cycle starting and ending at the
state in which both heads are attached with ADP at each
active site depends on the stochastic decision at each of the
two branch points. This is illustrated in Fig. 2 b, where the
mechanism is drawn as a kinetic lattice (19) with only the
two branching states shown explicitly, and with only transi-
tions leading away from the center shown, in consistency
with the schematic continuum picture in Fig. 1.
In the forward path, F , ADP is released from the rear
head, and reattachment after ATP hydrolysis occurs to the
front, with probability
PFhP

Di1Di/Ni1Di/Di T/DiðD$PiÞiþ 1/DiDiþ 1

:
In the reverse of the forward path (FR), the chemical and the
mechanical steps occur in the reverse sequence, obtained by
inverting the arrows describing the transitions of the forward
process (F ), i.e.,
PFRhP

DiDiþ 1/DiðD$PiÞiþ 1/Di T/Ni1Di/Di1Di

:
Because of the large amount of free energy released to the
environment by hydrolysis of ATP (and hence the large
amount of free energy required from the environment to
synthesize ATP), this reverse process is very unlikely under
physiological conditions. In contrast, the backward process
involves forward chemistry (ATP hydrolysis) but the oppo-
site decision at each branch point—release of ADP from
the front head in state D0D1, and reattachment to the rear
from state D0T. The probability for this process is
PBhP

DiDiþ 1/DiNiþ 1/Di T/ðD$PiÞi1Di/Di1Di

:
In the reverse of the backward process (BR), the chemical
and the mechanical steps occur in the reverse sequenceobtained by inverting the arrows of the backward process
(B), i.e.,
PBRhP

Di1Di/ðD$PiÞi1Di/Di T/DiNiþ 1/DiDiþ 1

:
Once again, because of the large amount of free energy
released to the environment by hydrolysis of ATP (and hence
large amount of free energy required from the environment
to synthesize ATP), this reverse process is very unlikely.
In addition to the forward and backward processes, there are
also two forward/reverse futile cycles ð2  PC=PCRÞ in
which ATP is hydrolyzed/synthesized but there is no step-
ping, and two possible forward/reverse cycles in which the
motor takes a step to the front/back in which no ATP is
hydrolyzed/synthesized ð2  PS=PSRÞ. These uncoupled
cycles influence the quantitative but not qualitative aspects
of the ATP-driven stepping of Myosin V.
A power-stroke (31) is invoked in many explanations of
why forward stepping dominates backward stepping. The
story line goes something like this. When ADP dissociates
from the rear head, ATP binds, causing the head to detach
from myosin. Because of stored elastic energy, the neck
linker attached to the bound head undergoes a large
energy-releasing conformational change, bringing the free
head to a position in front of the bound head. Because the
free head is now near the forward binding site, when ATP
is hydrolyzed at the active site, reattachment occurs most
probably to the front. This picture is represented by drawing
the state DiT with the detached head in front of the bound
head.
When we analyze this plausible sounding description in
the light of microscopic reversibility, however, we are forced
to recognize that this picture is not correct and that the
drawing of the state DiT is a trompe l’oeil—it fools the eye
into unquestioning acceptance that the proximity of the
unbound head to the front of the bound head is important
for determining whether the head will reattach to the front,
state DiDiþ1, or to the rear, state DiDi–1. In fact, it is not
important at all. The determining factor is instead the chem-
ical specificity. In the limit that the rear head is absolutely
chemically specific for ADP release/binding and the front
head is absolutely chemically specific for Pi release/binding
(i.e., Pi release/binding at the rear head and ADP release/
binding at the front head are totally prevented), the motor
will take one step to the front for each ATP hydrolyzed irre-
spective of the mechanical properties of the neck linker. To
see this, let us compare the probabilities for the processes
Di T/DiDiþ1 and Di T/Di1Di.
We can break the overall mechanism into two subpro-
cesses connecting the branching states as shown in Fig. 2 c,
where, for simplicity, neither the intermediate states nor the
reverse-chemistry transitions are shown. From each branch-
ing state, transition to the right (green arrow) or to the left
(red arrow) is possible, with different zero-load probabilities
a and b for rightward transitions and a* and b* for leftwardBiophysical Journal 98(11) 2401–2409
2406 Astumiantransitions. In the absence of a load force (F ¼ 0), micro-
scopic reversibility requires the following relations between
the conditional probabilities for these subprocesses to hold
irrespective of the magnitude of Dm:
P½DiDiþ 1/NiDiþ 1/Diþ 1 T 
P½DiDiþ 1/DiNiþ 1/Di T  ¼
a
a
r
P½Di T/Ni1Di/Di1Di
P½Di T/DiNiþ 1/DiDiþ 1 ¼
a
a
(5)
and
P

Di T/DiðD$PiÞiþ 1/DiDiþ 1

P

Di T/ðD$PiÞi1Di/Di1Di
 ¼ b
b
r
P

DiDiþ 1/DiðD$PiÞiþ 1/Di T

P

Di1Di/ðD$PiÞi1Di/Di T
 ¼ b
b
:
(6)
Note that the second of each of the relations in Eqs. 5 and 6
pertain to reverse chemistry (dashed arrows in Fig. 2 b)—
dissociation of ATP from the active site, and synthesis
of ATP from ADP and Pi at the active site, respectively.
By comparing the second relation of Eq. 5 with the first
relation of Eq. 6, we see that despite appearances, the prox-
imity of a detached head to the forward-versus-rear binding
site is not a reliable indicator of the relative probability to
reattach to the forward-versus-rear binding sites. The fate
of a molecule in the state DiT depends on the chemical
path by which reattachment occurs, and not on the position
of the detached head relative to the front or rear binding
site. For a/a*, b/b* > 1, if ATP directly dissociates from
state DiT, followed by association of ADP, then the head is
most likely to bind to the rear, but if ATP is hydrolyzed in
state DiT the head is most likely to bind to the front, followed
by dissociation of inorganic phosphate.
It is not the mechanics of the motor molecule that directly
governs the likelihood of attachment/detachment to/from the
front or rear, but, instead, the relative rates of the chemical
steps at the front versus rear heads—i.e., the chemical
specificities. If dissociation/association of ADP is much
faster at the rear head than at the front head, and dissocia-
tion/association of Pi is much faster at the front head than
at the rear head, then in the absence of a load force, the
forward process will dominate the backward process,
PF > PB, at and away from thermodynamic equilibrium.
Then, when ATP is in excess and ADP and Pi are in deficit
relative to the equilibrium ratio, ATP binding will be more
likely than ATP dissociation, and Pi dissociation will be
more likely than Pi association so that PF > PFR . When
both of these conditions hold, the motor will step toward
the þend of the track.
The only communication between the heads necessary to
assure this coordinated hydrolysis of ATP such that the step-
ping is almost perfectly synchronized is that by which the
front head is distinguished chemically from the rear head,
allowing the rear head to be specific for release/binding ofBiophysical Journal 98(11) 2401–2409ADP and the front head to be specific for release/binding
of Pi. The relative specificities of the heads can, of course,
depend on the angle of the neck linker with each head by a
mechanism similar to any other allosteric interaction. Bond
angles in the vicinity of the neck-linker attachment can influ-
ence the bond angles, and hence specificities and affinities, at
the ATP hydrolysis active site even if that site is remote from
the linker attachment region. The linker-head angles can be
influenced by properties such as the persistence length of
the linker, the intramolecular strain, and even mechanical
load, as seems to be the case for both Myosin V (32) and
kinesin (33–35).
The independence of the ratio of forward to backward
steps on any special nonequilibrium conformational change
or power-stroke has been shown here in the context of an
effective two-state model. This result, however, is general.
Already from Eq. 3, we see that in the absence of a load
force, F ¼ 0, we have the relation PF=PB ¼ PFR=PBR .
This equality means that the ratio of the probability to take
a forward-versus-backward step with forward chemistry is
equal to the ratio between the probability to take a back-
ward-versus-forward step with reverse chemistry irrespec-
tive of any power-stroke or special conformational change
whatsoever. The direction of motion of a molecular motor
depends on the concentrations of substrate and product in
the bulk solution and on the relative affinities of heads in
the front and rear positions for substrate and product, not
on any local consideration of the mechanical properties or
power-stroke of the motor molecule itself. This conclusion
is based on the fundamental principle of microscopic revers-
ibility and is valid for all molecular motors and pumps, i.e.,
for molecular machines that mediate the transduction
between two types of free energy.
The mechanism of vectorial free-energy transduction by
switching specificities and affinities seems to be universal
for molecular motors and pumps, ranging from the sarco-
plasmic reticulum Caþ2 ATPase and other ion-motive
ATPases (36–38) to Myosin V and kinesin, and even to
DNA and small molecule synthetic walkers (5). On the other
hand, the details of how the affinities and specificities are
influenced by structural changes for each motor or pump,
and the kinetic regulation of the motor or pump, depends
on the individual molecule in question.
Although the relative probability for forward-versus-back-
ward steps does not directly depend on the mechanical prop-
erties of the linker by which the two heads are attached to one
another, the rate of the stepping does depend on the mechan-
ical properties of the linker through the term
t1cyc ¼ AexpðcFL=kBTÞ
in Eq. 4. From Kramer’s theory (15), both forward and back-
ward rates are faster (i.e., A is greater) if the effective spring
constant for the linker is large (stiff) than if it is small (soft).
The factor c in the exponential ranges from zero, in the case
that only the chemically backward (ATP synthesis) steps
Biophysical Reviews 2407depend on the force, to one in the case that only the chemi-
cally forward (ATP hydrolysis) steps depend on force.
Two-headed biological motors such as kinesin and
Myosin V have inspired much recent work on both theoret-
ical (2,21) and experimental aspects of the design of artificial
molecular motors using DNA (4,5) and small synthetic
organic molecules (6). Here I examine a specific theoretical
model (21) to obtain an operation curve that illustrates
coupled transport in the near-to-thermodynamic equilibrium
(Dm/(kBT), FL/(kBT) < 1) regime in which the velocity and
rate depend linearly on the thermodynamic forces Dm and
FL, and also in the far from thermodynamic equilibrium
regime (Dm/(kBT), FL/(kBT) > 1) where strong deviations
from linearity occur. The mechanism designed experimen-
tally by Green et al. (5) is very similar to the theoretical
proposal (21), and thus shows explicitly how these ideas
can be implemented experimentally.
A simple symmetry-based, hand-over-hand
molecular motor
Consider a flexible dimeric motor molecule, a-b—b-a, that
interacts with and walks along a rigid polymeric track,
()–A-B—A-B—A-B—A-B–(þ), where a binds tightly to
A and b binds tightly to B. The dimer has mirror symmetry
when extended while the track has translational (periodic),
but not mirror, symmetry. Because the linker is attached to
b and not to a, when the motor is attached to the track the
front a-b monomer will not be equivalent to the rear a-
b monomer (see Fig. 3).a
b
FIGURE 3 (a) Simple mechanism for unidirectional motion of a dimeric
polymer on a rigid track, adapted from Astumian (21). (b) Mechanism
shown as coupled kinetic cycles with possible values for rate constants
(i.e., expressions consistent with microscopic reversibility) given for all tran-
sitions. The intrinsic affinity constants KS and KP parameterize how tightly
substrate and product bind to the motor, respectively, and the kinetic factors
koff and kon are introduced to allow the specificities a, b, a*, and b* to
remain as dimensionless numbers, as in Fig. 2.Let a-b held together at the fixed distance A-B form a
catalytically active complex that catalyzes the reaction
S#P, such that substrate binding leads to dissociation of
a-b from A-B (see Fig. 3).
In Step 1, the substrate binds to the stably bound dimer
causing that monomer to which S associates to detach from
the track. Although the two dimers are a priori equivalent
in solution, the probability for S to bind to the front a-b
may well be significantly different than the probability for
S to bind to the rear monomer, as the configuration of linker
in the region of the two bound monomers will be quite
different. We parameterize the kinetic splitting in the absence
of load for binding/dissociation of S and subsequent detach-
ment/attachment of the head from the track at the rear versus
front by the ratio a/a*. Interaction between the a-end of the
front monomer and the b-end of the rear monomer may also
favor binding of S to the rear monomer as in the DNA walker
of Green et al. (5). In the case of the DNA walker, the cata-
lyzed reaction is hybridization of two complementary DNA
hairpin loops H1 þ H2 # H1  H2, where spontaneous
(noncatalyzed) hybridization is inhibited by closure of their
necks, the opening of which is facilitated by interaction
with the DNA walker (5). By designing a motor in which
the interaction of the a-part of the forward head favored
binding of S to the b-part of the trailing head, these authors
obtained a splitting ratio a*/a ¼ 0.01.
In Step 2, substrate is converted to product at the active site,
the product dissociates, and the free monomer reattaches to
the track. For many different reasons, the dissociation/binding
of P at the front head may be more or less probable than at the
rear. We parameterize this kinetic splitting by the ratio b/b*.
In the DNA walker (5), the release of product was equally
likely from both leading and trailing positions so there was
no bias in this part of the mechanism, i.e., the ratio b/b* ¼ 1.
In Fig. 3 b, the mechanism is shown as a kinetic branching
process with thermodynamically consistent expressions for
all rate constants given explicitly. It is important to note
that there is no thermodynamically mandated relationship
between the ratios a*/a and b*/b (2,21,39), and the values
of these two ratios are not thermodynamically constrained
at or away from equilibrium.
The ratios between the probabilities for a backward and
forward path, between an uncoupled þdirected step and a
forward step, and between an uncoupled conversion of
S/ P and a forward step, can be calculated from the rate
constants in Fig. 3 b to be
PB
PF
¼ a
b
ab
e
LF
kBT ;
PC
PF
¼ a

a
þ b

b
e
LF
kBT ;
PS
PF
¼ aKS
bKP
a
a
þ bKP
aKS
b
b
e
Dm
kBT ;
(7)
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Dm
kBT:
Note the kinetic constants [S]kon, [P]kon, and koff do not
appear in these probability ratios.
Inserting the expressions in Eq. 7 into Eq. 4, we obtain a
diagram (Fig. 4) for the operational regimes of the motor (40)
demarcated by the axes of the graph and the curves for which
v¼ 0 (dotted curve) and for which r¼ 0 (dashed curve). The
shaded areas are those in which free-energy transduction
occurs. In the green region, chemical energy is used to do
mechanical work against an applied force, while in the
blue regions energetically downhill mechanical motion
does chemical work against a chemical potential gradient.
The solid straight line (Dm¼ LF) denotes the ideal operating
curves with a*/a¼ b*/b ¼ 0. A possible synthetic approach
to achieve this ideal case has recently been suggested by
Wang (41). This limit is approached when the trailing head
is absolutely specific for binding/release of S, and the leading
head is absolutely specific for binding/release of P.
The mechanical properties of the linker (e.g., the persis-
tence length and stiffness when bent) are irrelevant for deter-
mining the operation diagram. Further, quantities such as the
ratio of forward to backward steps, stopping force, and
efficiency that depend only on the ratios PB=PF ;PC=PF ,
and PS=PF are also independent of the mechanical properties
of the linker. For the case in which the Dm is large and the
intrinsic affinity for substrate is much greater than the intrinsic
affinity for product (KS << KP), the stopping force—that
force beyond which the motor reverses direction—is simply
Fstop ¼ kBT
L
ln
ab
ab
;
in agreement with the result of Green et al. (5).
On the other hand, the velocity of the motor, and hence its
output power, do depend on the linker properties through the
average cycle time tcyc, which can be easily worked out in
terms of the rate constants (21). Thus, the conditions under
which the power output is maximized can be adjusted to-4 -2 2 4
-6
-4
-2
2
4
6
L F/kBT
Δμ/kBT
r = 0
v = 0
Mech-->Chem
Mech --> Chem
Chem --> Mech
Chem --> Mech
0
FIGURE 4 Operational regimes of molecular motor delineated by
curves of v ¼ 0 (dotted curve) and r ¼ 0 (dashed curve) for the parameters
a*/a ¼ 0.005, b*/b ¼ 0.25, and aKS ¼ bKP (adapted from (21)). (Solid
straight line) Ideal operating curves with a*/a ¼ b*/b ¼ 0. In this ideal
case, the curves describing v ¼ 0 and r ¼ 0 are identical, and hence, are
on top of one another.
Biophysical Journal 98(11) 2401–2409coincide with the conditions under which the efficiency is
optimized (21). This ability to simultaneously optimize
output power and efficiency for molecular free-energy trans-
ducing machines is in striking contrast to heat engines for
which the conditions of maximum efficiency and maximum
power output are intrinsically very different (42).CONCLUSIONS
In an amusingly titled article in the journal Cell, ‘‘Fifty ways
to love your lever: myosin motors’’ (43), Steve Block made
the quixotic, but prescient, observation that ‘‘the kinesin
lever may be more like a leash than a pry bar.’’ The function
of a pry bar is, of course, to transmit force and hence to cause
desired motion. In contrast, a leash functions to prevent
unwanted motion.
Here we have shown, by using microscopic reversibility,
that the mechanical properties of the linker region can be
irrelevant for determining the relative probability for a motor
to take a forward versus a backward step. A thermodynami-
cally efficient motor that takes one step in the þdirection for
every fuel molecule consumed can be designed by assuring
that a head in the trailing position associates/dissociates
substrate much more rapidly than a head in the leading posi-
tion, and that a head in the leading position associates/disso-
ciates product much more rapidly than a head in the trailing
position. The linker between the two heads could just as well
be made of cooked spaghetti. The velocity of a motor with
cooked spaghetti for a linker, however, would of course be
limited by diffusion, and the velocity would fall off precipi-
tously in the presence of a significant load force, although the
stopping force—that force beyond which the motor begins to
move backward—is independent of the mechanical property
of the linker. Put another way, the so-called power-stroke has
nothing whatsoever to do with determining the direction of
motion of a molecular motor, the ratio of the number of
forward steps to the number of backward steps, the thermo-
dynamic efficiency, or the stopping force of the motor—all
thermodynamic quantities derived as the ratio of probabili-
ties, or as zeros of the equations for the velocity and rate.
The power-stroke does influence the kinetic properties
such as velocity of the motor, and how the velocity changes
with applied force.
The take-home message of this review is that, in order to
understand how molecular motors couple chemical energy
with directed motion and mechanical work, we need to pay
much more attention to how structure influences chemical
specificities, and in particular, to how changing physical
position can lead to structural changes by which chemical
specificity can be controlled. In this regard, the mechanism
for molecular motors such as kinesin and myosin is identical
to that by which ion pumps such as the Ca-ATPase of sarco-
plasmic reticulum (36–38,44,45) couple ATP hydrolysis to
transport ions across a membrane from low to high chemical
potential reservoirs.
Biophysical Reviews 2409The stochastic chemical approach for modeling molecular
motors reviewed here, and the insights provided by this
approach have been very successfully used in the recent
design of synthetic molecular motors. Although protein
motors are far more complicated than synthetic molecular
motors (6) or even DNA-based walkers (4,5) it seems likely
that evolution has adopted similar strategies in the design of
biomolecular motors, thereby working with the unavoidable
thermal noise as a mechanism for transition from one state
to another, rather than working against noise and friction by
attempting to design miniaturized engines and the like that
function according to macroscopic mechanical concepts (46).
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